ABSTRACT The pyrethroid insecticide Bißex AquaMax (bifenthrin) was evaluated for its ability to suppress coastal mosquito populations in a controlled suburban backyard study in Mango Hill, Queensland, Australia. The insecticide was applied to perimeter vegetation, fencing in selected backyards, or both, and mosquito populations were monitored weekly from 3 wk before to 8 wk after treatment (11 wk total) by using CDC miniature light traps and human bait landing rates. In addition, bioassays were conducted on vegetation and wood surfaces to monitor residual activity. The two most common species in light trap collections were the Ross River Virus vectors Aedes vigilax (Skuse) and Culex annulirostris Skuse. After treatment, Ae. vigilax populations in treated properties were significantly lower (75Ð90%) compared with untreated properties. In contrast, Cx. annulirotris, Coquillettidia xanthogaster (Edwards) and Mansonia uniformis (Theobald) populations were not impacted by the treatment. Bioassays revealed that the product gave better residual mortality when applied to vegetation (94.6 Ϯ 11.8%) than wooden surfaces (75.9 Ϯ 29.1%) during the 8-wk posttreatment period.
Mosquitoes can seriously impact human health and lifestyle in Australia, through the transmission of arboviruses, including dengue, Ross River virus, and Barmah Forest virus, as well as nuisance biting activity resulting in loss of amenity and quality of life of affected communities. In southeast Queensland, Australia, the major pest and disease vector species in coastal areas are Aedes vigilax (Skuse), Culex annulirostris Skuse, and Culex sitiens Weidemann, and in some suburban areas Aedes notoscriptus (Skuse) can reach pest levels. In an effort to reduce adult numbers of these species, local government mosquito control programs routinely target their saltmarsh larval habitats, and to a lesser extent, selected freshwater habitats in some areas. However, the expansion of human infrastructure is leading to larger populations of mosquitoes and greater contact with humans, resulting in an increased potential for arbovirus transmission where vector species may be present (Russell 1998 ). In addition, many local governments have reported an increase in complaints as a result of encroachment of human populations into areas in proximity to productive larval developmental habitats. This situation has resulted in an increased number of requests from residents for targeted mosquito control. As a result, "barrier" or "harborage" treatments have become increasingly popular in recent years. These treatments involve the application of a pyrethroid insecticide (e.g., bifenthrin or permethrin) to exposed surfaces around the area or property where mosquitoes may rest, creating a potentially long-lasting, residual insecticidal barrier between the mosquito and human populations. Although several products (Bistar 80 SC, Bißex Aqua, Bißex AquaMax, Isopthor Aqua, Brigade T&O, and Perimeter WP) have been registered for use in barrier type treatments in Australia, data on the efÞcacy of these control methods, particularly in residential areas where there is a perceived demand for their use has not been thoroughly evaluated. Moreover, the effect of household barrier treatments on the numbers of host-seeking mosquitoes remains to be investigated.
In the United States, control (85.1%) of freshwater Aedes species [predominantly Aedes albopictus (Skuse)] was achieved for up to 1 mo by using a bifenthrin-based product (TalstarOne, active ingredient [AI], 79 ml/liter, FMC, Philadelphia, PA) in a controlled suburban backyard study (Trout et al. 2007) . Similarly, Standfast et al. (2003) and Royal (2004) reported that foliage treated with bifenthrin (Bistar 80 SC, [AI] 80 g/liter, FMC, Murarrie, QLD, Australia) resulted in a mean reduction of 94%, for 6 wk, against saltmarsh mosquito populations (predominantly Ae. vigilax) in a residential neighborhood in Hervey Bay, Queensland. Also in Queensland, Frances (2007) reported 68.6 Ð78.6% protection against mosquitoes (predominantly Ae. vigilax) entering Bistar 80 SC-treated military tents for up to 4 wk. Conversely, Frances (2007) reported that tents treated with permethrin (Perigen Defense, [AI] , 500 g/liter, Bayer, East Hawthorn, VIC, Australia) provided only 50.7% control of local mosquito populations 4 wk after application. Similarly reduced residual activity of permethrin also has been noted by Anderson et al. (1991) , who reported that although permethrin (10% emulsiÞable concentrate, [AI] , 100 g/liter)Ðtreated coastal vegetation reduced the activity of saltmarsh Aedes species by Ϸ80%, control did not extend much past a week. Cilek and Hallmon (2006) report that permethrin (Peramone EC, [AI] , 100 g/liter, Bayer, Montvale, NJ)Ðtreated foliage reduced Ae. albopictus and Culex quinquefasciatus Say by Ϸ64 to 70% for up to 2 wk after treatment in screened cage Þeld studies.
There is certainly evidence to support the use of bifenthrin-based barrier treatments when applied on a residual backyard scale for mosquito control; however, data from controlled experimentation are largely lacking both in Australia and overseas. Therefore, we tested a commercial product currently available in southeast Queensland, Bißex AquaMax ([AI], 100 g/liter bifenthrin, FMC, Murarrie), for its ability to suppress local mosquito populations in a controlled suburban backyard study.
Materials and Methods
Site Selection. The study took place in the suburb of Mango Hill (27Њ 14Ј18Љ S, 153Њ 1Ј41Љ E) located in proximity to the Hays Inlet region in southeast Queensland, Australia. Hays Inlet is a known coastal mosquito habitat, residents in surrounding suburbs often complain about excessive amount of mosquito biting activity to the Moreton Bay Regional Council (MBRC). Although Hays Inlet is routinely targeted as part of the MBRC mosquito management program, mosquitoes can still be a signiÞcant problem in the area. Twenty-two properties were selected based on the following criteria: willingness to participate in the study, single dwelling, easily accessible backyard, standard 1.8-m (6-foot) lapped timber paling fence, and perimeter vegetation consisting of small-to medium-sized trees and shrubs. Adjacent properties were not selected, with a minimum of one property between study sites. Meteorological data were retrieved from one of the homeowners who had installed a Davis Vantage Pro2 Weather Station (Davis Weather Stations, NSW, Australia). The weather station recorded; wind speed, maximum wind gusts, wind direction, outside and inside temperature, and humidity with highs and lows, barometric pressure, and rainfall.
Treatment. Each property was assigned as either a water control or Bißex AquaMax ([AI], 100 g/liter bifenthrin). Applications were made by a MBRC-licensed pest control operator using a 600-liter truck mounted quick spray unit with a 3-mm T400 nozzle. All perimeter fencing and vegetation (i.e., both front and backyards) were treated. Application rates were as per the label directions. Spray volumes and time of treatment was recorded for each property. Block sizes ranged from 650 to 850 m 2 , and the amount of Þnished spray applied ranged from 37 to 52 liters.
Mosquito Monitoring. Mosquito populations were monitored once a week from 3 wk before to 8 wk after treatment (11 wk total). Populations were monitored using two sampling methods, CDC miniature light traps (PaciÞc BioLogics Pty Ltd., Kippa Ring, Australia) and human bait landing rates (HBLRs).
Light Traps. Adult mosquitoes were sampled with CDC miniature light traps (with light on) baited with dry ice. A single trap was placed in the backyard of each property from 1800 hours and retrieved the next morning between 0700 and 0900 hours. The mosquitoes from each collection were killed on dry ice (sourced from that remaining in the light traps) and transported to the mosquito control laboratory at the Queensland Institute of Medical Research (QIMR) where they were later identiÞed. Traps were placed below the fence line of each property (Ϸ1.5Ð1.8 m [5Ð 6 feet] from the ground) to avoid visual attraction (i.e., to the light) of mosquitoes from outside of the property boundary. In Brisbane, CO 2 -baited CDC traps placed at ground level (Ϸ1 m from ground) collected signiÞcantly more Cx. annulirostris and Ae. vigilax than those at canopy height (5Ð10 m) (C. Jansen et al. 2009 ).
Human Bait Landing Rates. During collections, participants wore long-sleeved shirts or jackets and rolled one trouser leg to above the knee. Landing mosquitoes were then collected from the exposed leg and hands by using an aspirator for a 15-min period. Mosquitoes from each collection were killed on dry ice, transferred into 5-ml tubes, and transported to QIMR where they were later sorted to species. Because the main target species for human landing rates was Ae. vigilax, collections were made close to dusk (i.e., 1730 Ð2000 hours across the duration of the study). Assignment of weekly HBLR backyard locations used a Latin square design to avoid sampling bias because of collector and time of collection. All HBLR collections were made immediately before placement of CDC miniature light traps.
Contact Bioassays. To evaluate the insecticide bioavailability and residual activity of the product on vegetation and wood, contact bioassays were carried out using standard published methods (Yadav et al. 2003 , WHO 2006 . Before treatment, a wooden "bioassay board" made up of eight 10-by 10-cm sections of standard pine (Pinus sp.) fence paling was attached to a fence post at each property. Spray technicians were not informed of its location so that no spraying bias occurred. Each week, one section of the board was removed as well as one leaf (approximately uniform surface area across properties, making sure not to collect new growth) from each property and transported to the laboratory in sealed Ziploc bags. In the laboratory, 20 4 Ð5-d-old female colony reared, insecticide susceptible, Ae. vigilax were anesthetized (4ЊC for 2 min) and then introduced into 250-ml plastic cups and exposed to either a board section or leaf for period of 30 min. Boards were placed over, and leaves Þxed to, the top of each cup to avoid exposure of anesthetized adults to treated surfaces during the recovery period. After exposure, knockdown rates (mosquitoes unable to leave the bottom of the cup) were recorded, mosquitoes anesthetized, and the board section or leaf removed and the cup screened with mesh. Sugar solution was placed on top of each cup and percentage mortality recorded after 24 h. Mean mosquito mortality in control treatments for all leaf and wood bioassays was Ͻ5%.
Statistical Analysis. Mean light trap, HBLR and bioassay data were analyzed using IBM SPSS 19.0 (IBM 2010). Because light trap and HBLR data were not normally distributed (because of the large variation in mosquito numbers between sites) we used the MannÐ Whitney U test to determine differences in adult mosquito numbers at treatment and control houses each week. Bioassay data were arcsine transformed before analyses.
Results
Mosquito Monitoring. Light Traps. We collected 10,174 mosquitoes in total (Table 1) over 11 wk (242 trap nights). In total, 24 species were collected, with Cx. annulirostris (28.1%), Ae. vigilax (22.7%), Coquillettidia xanthogaster (Edwards) (17.5%), Cx. sitiens (13.2%), and Mansonia uniformis (Theobald) (8.9%) the most common. The remaining 20 species accounted for only 9.6% of the collection.
Light trap data for the top Þve species were analyzed to determine the efÞcacy of the product in reducing adult mosquitoes over the 8 wk posttreatment period. Generally, light trap collections of Ae. viglax were signiÞcantly lower ( 2 ϭ 49.5, df ϭ 1, P Ͻ 0.001) in treated rather than in untreated control properties for the duration of the study (Fig. 1A) . After treatment, the mean number of Ae. vigilax collected from treated properties was 75Ð90% less than in untreated properties. The lack of a statistical difference (z ϭ Ϫ1.8, P ϭ 0.67) in light trap numbers between treatment and control properties on day 32 is probably associated with rainfall. In contrast, there were no signiÞcant differences in the number of adults collected in treated or untreated properties for Cx. annulirostris ( Fig. 1B; 2 ϭ 0.5, df ϭ 1, P ϭ 0.49) or Cq. xanthogaster ( 2 ϭ 3.6, df ϭ 1, P ϭ 0.06). In fact, increased numbers of adults were recorded at treat- Fig. 1 . Number (mean Ϯ SD) of adult Ae. vigilax (A) and Cx. annulirostris (B) mosquitoes collected using CO 2 baited light traps at 22 houses in Mango Hill. Houses were treated after the third collection date with BiFlex Aquamax (n ϭ 11) or water (n ϭ 11). Asterisk (*) denotes signiÞcant difference P Ͻ 0.05. Arrow indicates treatment application between days Ϫ3 and 4. ment properties at weeks 5 and 6, and weeks 2, 5, 6, 7, and 8 for Cx. annulirostris and Cq. xanthogaster, respectively. On average, Ma. uniformis numbers in treated properties were 58% less than in untreated properties; however, signiÞcant differences in the number of adults were recorded at 1, 3, and 4 wk posttreatment only. For Cx. sitiens, the mean number of adults collected from treated properties was up to 63% less than in untreated properties; however, there were no signiÞcant differences at any week ( 2 ϭ 0.00, df ϭ 1, P ϭ 0.99).
Human Bait Landing Rates. HBLRs were generally low, with only 1,415 mosquitoes collected over 11 wk (242 HBLR). In total, 13 species were collected, with Ae. vigilax (49.5%), Mn. uniformis (31.5%), Cx. annulirostris (5.5%), Ae. notoscriptus (4.6%), and Cq. xanthogaster (3.8%) the most common (Table 1 ). The remaining six species accounted for only 5.1% of the collection.
Landing rate data for the top two species (Ae. vigilax and Ma. uniformis) were analyzed to determine the efÞcacy of the product in reducing potential biting activity over the 8-wk posttreatment period. For Ae. vigilax, there was an observable difference in HBLR between treated and untreated properties for the duration of the study, however the difference was only signiÞcant on day 11 ( Fig. 2A ; z ϭ Ϫ2.5, P ϭ 0.01). For Ma. uniformis, there was no observable or signiÞcant ( Fig. 2B; 2 ϭ 2.8, df ϭ 1, P ϭ 0.1) difference in HBLR between treated and untreated properties for the duration of the study.
Contact Bioassays. Leaf Bioassays. Mean mortality and knockdown rates of Ae. vigilax females exposed to treated vegetation ranged from 89.5 to 98.2% and from 13.0 to 69.5% over the 8-wk test period, respectively (Fig. 3A) . Although knockdown rates signiÞcantly de- clined (df ϭ 7, F ϭ 5.5, P Ͻ 0.01) toward the later half of the test period, mean mortality remained consistently high (Fig. 3A) . Mean mortality of Ae. vigilax females exposed to treated vegetation was signiÞ-cantly higher than those exposed to wood at weeks 4 (df ϭ 1, F ϭ 0.16, P ϭ 0.01), 6 (df ϭ 1, F ϭ 7.8, P ϭ 0.01), 7 (df ϭ 1, F ϭ 5.5, P ϭ 0.03), and 8 (df ϭ 1, F ϭ 21.2, P Ͻ 0.01).
Wood Bioassays. Mean mortality Ae. vigilax females exposed to treated wood ranged from 95.6% at 1 wk to 40.6% at 8 wk (Fig. 3B) . Mortality rates Ͻ70% are representative of treatment failure. At week 6, the treatment was considered no longer active against Ae. vigilax (61.4%). Mean knockdown rates ranged from 54.4 to 11.4% during the test period. Although knockdown rates did not signiÞcantly differ over the test period (df ϭ 7, F ϭ 1.2, P Ͻ 0.33) mean mortality signiÞcantly (df ϭ 7, F ϭ 4.1, P Ͻ 0.01) declined from week 6 (Fig. 3A) .
Discussion
The treatment of suburban backyards in the Southeast Queensland suburb of Mango Hill with Bißex AquaMax signiÞcantly reduced the number of Ae. vigilax collected in light traps for at least 8 wk compared with untreated backyards. This result was supported by the laboratory bioassays wherein vegetation and fence palings treated with Bißex AquaMax provided control of Ae. vigilax for up to 8 and 5 wk, respectively. This result is signiÞcant as Ae. vigilax is a major nuisance species (it represented almost 50% of HBLR collections in the current study) as well as a primary vector of Ross River virus (family Togaviridae, genus Alphavirus, RRV) and Barmah Forest virus in coastal areas of Queensland. However, Ae. vigilax only accounted for 26% of the total mosquito collection (light trap and HBLR) during the study.
Based on the light trap and HBLR collections the other mosquito species of interest in the area were freshwater species Cx. annulirostris, Cq. xanthogaster, and Ma. uniformis. These three species are considered to be a major nuisance and Cx. annulirostris is the major freshwater vector of RRV in Australia. Unfortunately, the barrier treatment had no impact on these mosquitoes, with similar numbers recorded at both treated and untreated properties. This is in contrast with a recent study targeting these species in the Northern Territory of Australia, which demonstrated that bifenthrin-treated military tents enhanced the protection of occupants against bites, particularly from Cx. annulirostris (McGinn et al. 2008) . However, the difference in Þndings are probably a result of differences in study design (indoor versus outdoor biting and host-seeking rates), and it is possible that the host-seeking and -resting behavior of Cx. annulirostris may have prevented contact with bifenthrintreated surfaces in our study. Unfortunately, Cx. annulirostris resting sites seem to vary according to location and season (Myers 1956 , Kay 1983 ), as do host-feeding patterns, which are predominantly mammalian in urban areas (Kay et al. 1985 (Kay et al. , 2007 . As such, it is difÞcult to identify the exact reason for failure of the treatment to impact this species. The results of an all-night human bait collection in the Murray Valley of Victoria, Australia, showed a peak in Cx. annulirostris biting activity between 1 and 3 h after sunset (Russell 1987) . Our HBLR collections were made from sunset to 1 h after sunset, and it is likely that we missed the peak biting period for this species. This may explain why this species was the most abundant in our light trap samples (28.1%) but only formed a small percentage of HBLR collections (5.5%). Conversely, ßight and biting activity of Ae. vigilax commences at sunset and reaches a peak within 1 h (Sinclair 1976) and is why this species represented almost half of HBLR collections.
Our study has demonstrated that treatment of mosquito harborage areas with Bißex AquaMax can provide a reduction of Ae. vigilax for up to 8 wk at a typical residential property, but not freshwater species Cx. annulirostris, Cq. Xanthogaster, and Mn. uniformis. In addition, we have demonstrated that treatment of vegetation provides greater residual activity than treatment of wooden fence palings. Both these Þndings have implications on the areas in which this technology (and product) will be appropriate and provide guidance on the way it should be marketed by the private pest control industry.
